Introduction
[2] The South China Sea (SCS) is one of largest marginal seas in the world, and the Indonesian seas (ISs) are a major passage linking the Pacific and Indian oceans. The SCS and ISs are connected through the Karimata and Gaspar Straits. A number of numerical studies [Metzger and Hurlburt, 1996; Lebedev and Yaremchuk, 2000; Fang et al., 2002 Fang et al., , 2005 Fang et al., , 2009 Tozuka et al., 2007 Tozuka et al., , 2009 Yaremchuk et al., 2009] have revealed that the circulations in SCS and ISs are closely linked mainly through the Karimata Strait (for short the Gaspar Strait is included in the Karimata Strait in this paper for its narrowness). Fang et al. [2002 Fang et al. [ , 2005 Fang et al. [ , 2009 proposed that the SCS is an important passage for the Pacific water to flow into the Indian Ocean and a SCS branch of the Pacific-to-Indian-Ocean throughflow exists in boreal wintertime. Gordon et al. [2003] proposed that the less saline water from the Java Sea, which can be traced back to the SCS through the Karimata Strait, blocked the upper layer outflow from the Makassar Strait in boreal winter, resulting in a cool Indonesian Throughflow (ITF). They found that the observed transport-weighted temperature of the Makassar Strait throughflow was 15°C, rather than the previously estimated 24°C. Qu et al. [2005 Qu et al. [ , 2009 and Tozuka et al. [2007 Tozuka et al. [ , 2009 proposed that a SCS throughflow exists in the SCS and has great impact on the ITF. Moreover, Tozuka et al. [2009] found that the volume and heat transport of the Makassar Strait throughflow in numerical experiment are reduced by 1.7 Sv and 0.19 PW, respectively, by the existence of the SCS throughflow. Many other studies [e.g., Wang et al., 2006; Yu et al., 2007] have also investigated the SCS throughflow recently. However, the validity of conclusions of all the above studies strongly relies on a sufficient magnitude of the transport though the Karimata Strait.
[3] So far the only observation-based estimation of Karimata Strait transport was done nearly 50 years ago by Wyrtki [1961] , who estimated the winter transport in the Karimata Strait is up to 4.5 Sv, from the SCS to the Java Sea; and the summer transport is up to 3 Sv, but from the Java Sea to the SCS. Using sea surface height and ocean bottom pressure measured by satellites, Song [2006] estimated the total volume transport through the Karimata and Makassar straits to be 7.5 Sv. Since the ship drift data, as used by Wyrtki [1961] , usually contain great uncertainty, and the Karimata Strait transport was not separated from the Makassar Strait transport in Song's estimation, reliable observation-based estimates of the transports through the Karimata Strait are so far not available. In addition, numerical model results for Karimata Strait transport still contain great uncertainty. For example, Lebedev and Yaremchuk [2000] , Fang et al. [2005] , and Yaremchuk et al. [2009] give 4.4, 4.4, and 1.3 Sv, respectively, for boreal winter, and 2.1, 1.3, and 0.3 Sv, respectively, for annual mean. Tozuka et al. [2009] and Fang et al. [2009] give annual means of 1.6 and 1.2 Sv, respectively. Therefore, to obtain a more reliable value for the Karimata Strait transport, direct current measurement with modern instruments is necessary.
[4] This paper describes observations at two current stations along a transect north of the Karimata Strait carried out from December 2007 to November 2008, which is supported by the program of "The SCS-Indonesian Seas Transport/ Exchange (SITE) and Impact on Seasonal Fish Migration," established jointly by the scientists from China, Indonesia, and the United States in October 2006 [see also Susanto et al., 2010] . Since current data at one station are obtained only in the boreal winter of 2007-2008, the present paper mainly focuses on the currents and transports in wintertime. In addition to local wind forcing, along-current sea surface slope is also evaluated to confirm the validity of "island rule" mechanism [Godfrey, 1989] on the generation of the SCS branch of the Pacific to Indian Ocean throughflow.
Field Measurements
[5] A cross-strait section (hereafter referred to as section A) was selected at about 150 km north of Belitung in the southern Natuna Sea between northeast coast of Banka and west coast of Kalimantan for measuring transport between the SCS and ISs, where the topography is relatively flat.
Three trawl-resistant bottom mounts (TRBMs) were deployed along the section, but the current data were successfully obtained only from two sites, which are designated as A 1 (1°40.0′S, 106°50.1′E) and A 2 (1°05.6′S, 107°59.2′E), respectively ( Figure 1 ). The length of section A is about 360 km and the mean depth is around 32 m.
[6] The TRBM at A 1 was equipped with a LinkQuest Inc. 600 kHz acoustic Doppler current profiler (ADCP), an RBR Ltd. temperature-pressure logger, two acoustic releases, an acoustic modem, and a marine location beacon. The TRBM at A 2 carries the exact same equipments as the one at A 1 except an additionally installed Sea-bird conductivity-temperaturepressure (CTP) recorder. The acoustic modem on each TRBM is used to communicate with a ship deck unit to set ADCP measurement parameters or retrieve ADCP data in case TRBM cannot be recovered.
[7] The TRBM at A 2 was deployed on 4 December 2007 and recovered on 1 November 2008. The TRBM at A 1 was deployed on 12 January 2008 and recovered on 9 May 2008. Conductivity-temperature-depth (CTD) casts were taken during the deployment and recovery cruises. Pressure measurements from recovered TRBMs show that the averaged depths at A 1 and A 2 are 36.6 and 48.0 m, respectively. The daily mean (25 h mean) currents at 10 equally spaced layers from sea surface to bottom are calculated from the measurements of ADCP, then the data of the uppermost layer are replaced with the values linearly extrapolated from the second and third layers according to constant shear assumption [e.g., Sprintall et al., 2009] , given the problem caused by surface reflection contamination of the ADCP. The winds that are used to establish the relationship with the observed currents are QSCAT (Quick Scatterometer) and NCEP (National Centers for Environmental Prediction) blended 10 m surface winds obtained from the Research Data Archive (data available at http://www.cora.nwra.com/∼morzel/blendedwinds. qscat.ncep.html) maintained by the Computational and Information Systems Laboratory at the National Center for Atmospheric Research [Milliff et al., 1999] . The daily mean current vectors of five layers (vertically averaged every two layers) from 13 January to 12 February 2008 at A 1 and those from 5 December 2007 to 11 January 16-29 February 2008 at A 2 , together with daily mean winds, are plotted ( Figure 2 ).
Current Data Analysis and Volume Transport Estimation
[9] It can be seen that the currents during this period are persistently toward the southeast from surface to bottom at both A 1 and A 2 . The current speeds in upper layers are greater than those in lower layers, and the current gets stronger when northwesterly winds are stronger, suggesting that the winds are the dominant forcing of the currents. However, the southeastward currents still exist while the northwesterly winds diminish, implying the presence of downstream sea surface slope in the study area. The magnitude of this downstream slope will be estimated in section 5.
Regression of Currents on Winds at A 2
[10] Since there are no simultaneous observed current data at A 1 and A 2 , we have to fill up data gap of either A 1 or A 2 to estimate the transports through section A. Because the current data at A 2 are much longer than those at A 1 , filling up the data gaps of A 2 is more feasible and reasonable. By visual inspection of the current and wind variabilities shown in Figure 2 , one can see that they correlate very well. Therefore, we can take advantage of this correlation to derive the time series of currents at A 2 from the continuous wind data by means of regression analysis.
[11] Since the major concern of the present study is the transport rates of water mass, heat, and freshwater across section A, we decompose the current vectors into an alongchannel component, u, which is perpendicular to section A (positive southeastward), and a cross-channel component, v, which is parallel to section A (positive northeastward). The u and v can be calculated from where w and are the speed and direction of the current, respectively, and y is the normal direction of section A, which is equal to 154°referenced to true north.
[12] We assume that the variability of along-channel current component is mainly caused by the variation of local winds, and can thus be empirically expressed as
where U and V are the along-channel and the cross-channel components of sea surface winds at A 2 , u 0 is the intercept value, representing along-channel current velocity without local winds, a and b are the regression coefficients, " is the residual. Full observed daily mean along-channel current velocities of each layer at A 2 and the corresponding sea surface winds are used in the regression analysis. The obtained intercept value, regression coefficients, and correlation coefficient for each layer are shown in Table 1 . We can see that u 0 is nearly independent of depth, with an average of 10.8 cm/s. The coefficient a decreases with depth and is much greater than the coefficient b, indicating that the variability of along-channel currents becomes smaller toward the seabed and is basically induced by the variation of alongchannel wind component. The correlation coefficient r is generally high, suggesting that the derived regression equation can be used to interpolate or extrapolate along-channel currents when observations are not available. We did exactly same analysis using the current and wind stress, instead of wind velocity itself, and found that the correlation r ranges from 0.70 to 0.78 in the three uppermost layers, smaller than those in Table 1 , thus the results are not adopted for current interpolation.
[13] Figure 3 displays the comparison between the time series of observed (blue line) and regression-derived (red line) vertically averaged along-channel current velocities at A 2 . It can be seen that they agree well. Monthly mean values calculated from these two time series are given in Table 2 . These monthly values are also plotted in Figure 3 , in which the red and blue dots denote derived and observed velocities, respectively, with open blue dots indicating that the observed data are not complete in the corresponding months. Differences between the derived monthly means and the observed ones are also given in Table 2 . The root-meansquare (RMS) value of the differences is equal to 5.7 cm/s, which is significantly smaller than the monthly velocities themselves.
[14] The monthly mean velocities listed in Table 2 show that the flows are from the SCS to ISs from October to the following March, but in opposite direction from April to September. Since the flows from SCS to ISs are relatively stronger, annual mean flow along the channel is still southward. The vertical profiles of the time-averaged alongchannel current velocities observed at A 1 and derived at A 2 over the period from 13 January to 12 February are shown in Figure 4 . The vertically averaged velocities of A 1 and A 2 are 29.3 and 35.0 cm/s, respectively. One can see that the velocity profile at A 2 constructed by linear regression is reasonable and can be used in the following transport estimation. From the RMS difference between observation and prediction given in Table 2 , which is 5.7 cm/s, the mean value of the derived vertically averaged velocity at A 2 from 13 January to 12 February 2008 may contain a relative RMS error of ∼16%.
Volume Transport
[15] The volume transport through the Karimata Strait, F V , can be estimated using the following formula:
where dA denotes the area element of section A. two stations. Four interpolation/extrapolation schemes were tested: (1) linear interpolation/extrapolation along the section, (2) evenly dividing the distance between stations A 1 and A 2 with velocities uniformly assigned by those at the nearest stations, (3) cubic-spline interpolation with no slip condition at sidewalls, and (4) logarithmic-profile-cubicspline interpolation with no slip condition at sidewalls. The first three schemes have been used by Sprintall et al. [2009] before, and the fourth scheme is described in detail in Appendix A. Using the interpolated/extrapolated alongchannel velocities obtained from each of the four schemes, daily volume transport values were calculated according to equation (3), yielding mean volume transports of 3.8, 3.8, 3.4, and 3.6 Sv for the four schemes, respectively. These results show that the uncertainty of mean volume transport estimate due to the difference of the interpolation/extrapolation method is about 0.2 Sv, or about 6% of the transport. Since the value obtained from the logarithmic-profile-cubic-spline interpolation scheme, 3.6 Sv, is close to the average of the four schemes, the result based on this scheme is adopted in the present study. The daily volume transport has a standard deviation of 0.8 Sv and is shown in Figure 5a . The sectional distribution of mean along-channel velocity in the month from 13 January to 12 February 2008 is shown in Figure 8a .
[16] As stated in section 2.2, the regression-derived velocities at A 2 may contain a RMS error of ∼16%. We have tested the influence of the velocity errors of A 2 on the volume transport estimate, and found that these errors can cause errors with standard deviation of ∼10% in the estimated volume transport. The combination of errors induced by derivation of velocities at A 2 and interpolation/extrapolation of velocities to section A can cause an uncertainty of ∼0.4 Sv in the mean volume transport estimate.
Heat and Freshwater Transports
[17] The heat transport through the Karimata Strait, F H , can be calculated from
where r is the water density, taken to be 1021 kg m −3 for a mean temperature of 28°C and a mean salinity of 33, C p is the specific heat, rC p can be regarded as the heat capacity per unit volume and is taken to be 4.1 × 10 6 J m −3 K −1 for the above temperature and salinity, T is the water temperature, and T 0 is a reference temperature. The choice of reference temperature is somewhat arbitrary [Schiller et al., 1998 ]. It is more desirable to use the transport-weighted mean temperature of the corresponding return flow as the reference temperature. However, it is hard to determine which flow is the corresponding return flow. In calculation of the heat transport of the ITF, Schiller et al. [1998] used 3.72°C as reference temperature, which is the mean temperature of the water across the meridional vertical section from southern Tasmania to 50°S. This value was also adopted by Ffield et al. [2000] . To facilitate a comparison of the SCS interocean heat transport to the ITF heat transport, the reference temperature, 3.72°C, is also adopted in this study. Using equations (3) and (4), a transport-weighted temperature can be inversely calculated from
The salt and freshwater transports through the Karimata Strait, F S and F W , can be calculated from respectively, where S is salinity and S 0 is reference salinity. To make our estimation consistent, same meridional section from southern Tasmania to 50°S is selected to obtain the reference salinity, which is 34.62 on the basis of the climatological data set of Levitus and Boyer [1994] .
[18] The temperature and salinity observations available to us include vertical profiles from CTD casts on 3-4 December 2007 and 14-15 February 2008 at A 1 and A 2 , and time series of bottom temperature and salinity from the temperature-pressure logger at A 1 and the CTP recorder at A 2 . The CTD temperature and salinity profiles are shown in Figure 6 , in which the near-seabed segments indicated by dashed lines are linearly extrapolated from the observations in a 10 m range above these segments. From Figure 6 one can see that the water in this season is generally well mixed (the variations of ∼0.2°C in temperature and ∼0.1 in salinity near the sea surface on 3-4 December 2007 are caused by heavy rain during the cruise). Temperatures at A 1 are higher than those at A 2 , while salinities at A 1 are lower. The observed bottom temperatures during the boreal wintertime at both A 1 and A 2 are displayed in Figure 7a . The observed bottom salinities at A 2 are given in Figure 7b . Bottom salinities at A 1 are inferred through the following procedure: We first calculate the bottom salinity difference between A 1 (from CTD) and A 2 (from CTP recorder) on 3 December 2007 and 14 February 2008. Then the bottom salinity differences at times between the above two dates are linearly interpolated from those two differences on 3 December 2007 and 14 February 2008. Finally, the time series of bottom salinity at A 1 is obtained by adding the interpolated differences to the bottom salinities at A 2. , and is shown in Figure 7b . [19] The temperature at time t and depth z k , k = 1, 2, …, 10, can be linearly interpolated according to the following formula:
where t 1 and t 2 represent the times of CTD casts at A 1 /A 2 on 3-4 December 2007 and 14-15 February 2008, respectively, and z b is the bottom layer depth. With known vertical temperature profiles at A 1 and A 2 , the temperatures on section A can then be calculated from an appropriate interpolation/ extrapolation scheme. In the present study, three schemes were tested. The first two are the same as those for velocity interpolation/extrapolation; the third scheme is cubic-spline interpolation with zero derivative (no heat transfer) boundary condition at sidewalls. Using the temperatures interpolated/ extrapolated from each of the three schemes and the alongchannel velocities derived from the logarithmic-profilecubic-spline interpolation scheme (section 3.3) the heat transport can be calculated from equation (4), and the timemean values according to the three schemes are 0.361, 0.362, and 0.362 PW, respectively. Since the values are almost the same, we simply adopt the linear scheme as interpolation/extrapolation scheme in the present study. The salt and freshwater transports are calculated similarly. The daily heat and freshwater transport are shown in Figures 5b  and 5c , respectively. The sectional distributions of the mean temperature and salinity in the month from 13 January to 12 February are demonstrated in Figures 8b and 8c , respectively. The calculated heat, salt, and freshwater transports as well as transport-weighted temperature for the month from 13 January to 12 February 2008 are listed in Table 3 . They are 0.36 ± 0.08 PW, 0.12 ± 0.03 × 10 9 kg s −1 , 0.14 ± 0.04 Sv, and 27.99°C, respectively. In Table 3 the volume transport, 3.6 ± 0.8 Sv, obtained in section 3.3 is also given.
Along-Channel Sea Surface Slope
[20] Wyrtki [1987] found that associated with the ITF, the mean steric height south of Davao is higher than that south of Java by 0.16 m at the sea surface. The distance from Davao to Java along the ITF route passing through the Makassar Strait is about 2000 km. Therefore, the mean sea surface height gradient along ITF is about −8 × 10 −8 . It is of interest to examine whether there is also a sea surface slope associated with the Karimata Strait throughflow in boreal wintertime. This sea surface slope can be estimated from the following along-channel momentum equation:
where u and v are vertical mean along-and cross-channel current velocities, respectively; g, f, r, and H are the constant of gravitation, Coriolis parameter, water density, and water depth, respectively; & and ∂ &/∂x are the sea surface height and the along-channel sea surface slope, respectively; and t sx and t bx are the along-channel components of wind stress and seabed frictional stress, respectively.
[21] The t sx and t bx are related to the sea surface wind and near bottom current as sx ¼ C Ds a sx *; with sx * ¼ WU ;
bx ¼ C Db bx *; with bx * ¼ w 1 u 1 ;
respectively, in which C Ds and C Db are drag coefficients of the wind stress and bottom frictional stress, assumed constants in this study; r a is the air density, taken to be Figure 7 . Time series of (a) temperature and (b) salinity at seabed. The temperatures at A 1 and A 2 were measured by RBR temperature and pressure logger and Sea-Bird conductivity-temperature-pressure (CTP) recorder, respectively. The salinities at A 2 were measured with the same CTP recorder, and the salinities at A 1 are inferred from those measured by CTP at A 2 and CTD at A 1 .
1.169 kg m −3 for a mean sea level air pressure of 1.01 × 10 5 Pa and a mean air temperature of 28°C; t* sx and t* bx are the pseudo stresses; W is the wind speed; and w 1 and u 1 are the current speed and along-channel velocity at 1 m above seabed [e.g., Csanady, 1982] , respectively. The u 1 can be deduced from velocities of the bottom layer (layer 10 in Table 1 ) through a logarithmic profile
where u b and z b are the velocity and the mean height above the seabed of the bottom layer, respectively, and z 0 is roughness length parameter.
[22] Equation (9) is applied to the observed daily mean currents from 13 January to 12 February 2008 at A 1 , and those from 5 December 2007 to 11 January 16-29 February 2008 at A 2 . The calculation of RMS of each term in equation (9) indicates that the magnitudes of the terms on the left side of equation are at least 1 order smaller than those on the right side, and can thus be ignored. If only the time-averaged sea surface slope is considered, the momentum equation (9) can be written in the following form
where " is residual, representing the minor terms, and the coefficients A and B are
Here the sea surface slope is balanced by bottom friction when winds diminish. It follows from the above relations that
in which
The regression analysis based on equation (13) [23] The QSCAT and NCEP blended wind data set uses the following dependence of C Ds on W for calculating wind stresses [Milliff and Morzel, 2001] :
which gives C Ds = 1.12 × 10 −3 for W = 4 m/s and C Ds = 1.18 × 10 −3 for W = 10 m/s. The most (72%) wind speeds in the period from 1 December 2007 to 29 February 2008 are within the range of 4 to 10 m/s, and the rest (27%) are mostly below 4 m/s and the corresponding wind stresses are very small. Therefore, we can use a constant 1.15 × 10 −3 for C Ds . This yields C Db = (1.17 ± 0.18) × 10 −3 and (1.59 ± 0.23) × 10 −3 for A 1 and A 2 , and ∂z/∂x = −(4.8 ± 3.0) × 10 −8 and −(9.8 ± 3.5) × 10 −8 for A 1 and A 2 , respectively. Although the estimated sea surface slopes at A 1 and A 2 show significant discrepancy, their ranges of variability overlap each other. Thus we can use their mean value, −7 × 10 −8 , as a rough estimate for the sea surface slope in the study area, which is equivalent to a sea surface drop of 7 cm in a distance of 1000 km. The magnitude of the sea surface gradient associated with the boreal winter Karimata Strait through- 
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flow estimated in this study has a similar magnitude associated with the ITF as found by Wyrtki [1987] . As pointed out by Wajsowicz [1993] (in their section 4d), the depthintegrated steric height should decrease from north to south in the ITF region if friction is considered in Godfrey's [1989] island rule. As shown by Qu et al. [2005] and Wang et al. [2006] , the island rule can also be applied to the SCS throughflow. The existence of sea surface slope obtained from above calculation indicates that the friction is of importance in the "island rule" mechanism for the formation of the SCS branch of Pacific-to-Indian-Ocean throughflow.
Conclusions and Discussion
[24] 1. The observations show a mean volume transport of 3.6 Sv through the Karimata Strait (with the Gaspar Strait included) from the SCS to the ISs in the month from 13 January to 12 February 2008. This confirms the existence of the SCS branch of the Pacific-to-Indian-Ocean throughflow, or the SCS throughflow in boreal winter. This branch is of fundamental importance for the SCS oceanography in terms of the water mass formation, the air-sea heat and freshwater fluxes, and the flushing rate of the sea [Fang et al., 2005] . With regard to the ITF, the Karimata Strait should be considered as an important inflow passage in addition to the Makassar Strait and the straits east of the Sulawesi Island.
[25] 2. Observations of currents in boreal summer are available at A 2 station. Although it is not adequate to estimate transport in boreal summer from the observations at this single point, we can still make a rough estimation using the monthly mean velocity shown in Table 2 . If we assume that the volume transport is proportional to the vertically averaged along-channel velocity at A 2 , then the maximum monthly mean volume transport in boreal summer should be around 1.7 Sv (northward). Therefore, the Karimata Strait throughflow, different from the Makassar Strait throughflow, provides positive volume (3.6 Sv, Table 3 ) to the ITF in boreal winter, but negative one in boreal summer. This indicates that the Karimata Strait transport can contribute a seasonal variability of more than 5 Sv in the total ITF transport.
[26] 3. The magnitude of annual mean volume transport through Karimata Strait is also one of our major concerns, because the mean transport is the net contribution of the SCS to the Indian Ocean. However, the current data at A 1 is too short to allow a reliable estimation. On the basis of the 10 month observed data at A 2 , the annual mean of the vertically averaged along-channel velocity for the year from December 2007 to November 2008 is 8.1 cm/s (Table 2) , while the volume transport through section A and the vertically averaged along-channel velocity at station A 2 for the month from 13 January to 12 February 2008 are 3.6 Sv and 35.0 cm/s, respectively. We can thus roughly estimate that the annual mean Karimata Strait transport is around 0.8 Sv for that year, provided that the volume transport is proportional to the vertically averaged velocity at A 2 . Since this assumption may not be valid for the boreal summer months, this estimated value is subject to further verification, for example, by data assimilation. The Karimata Strait throughflow plays a double role in the total ITF volume transport, which is especially evident in boreal winter. The negative effect of the double role is that it can reduce the Makassar Strait transport as proposed by Qu et al. [2005] and Tozuka et al. [2007 Tozuka et al. [ , 2009 ; the positive effect is that the Karimata Strait throughflow itself can contribute volume transport to the ITF as proposed by Fang et al. [2005] .
[27] 4. In comparison to the volume transport, the Karimata Strait throughflow plays an amplified double role in the ITF heat transport. The additional negative effect is that it can carry less saline (and thus less dense) water from the SCS, passing the Java Sea, to the southern mouth of the Makassar Strait to block the surface current from the Makassar Strait, and thus reduce the transport-weighted temperature of the Makassar Strait throughflow [Gordon et al., 2003] . The additional positive effect is that the water carried by the Karimata Strait throughflow is much warmer than the Makassar Strait water owing to the shallowness of the Karimata Strait. Our estimation (Table 3) shows a mean heat transport of 0.36 PW through the Karimata Strait into ISs in a boreal winter month, with a transport-weighted temperature of 27.99°C. The combination of this inflow with the Makassar Strait throughflow can raise the transport-weighted temperature of the Makassar Strait throughflow from 16.6°C [Gordon et al., 2008, Table 2 ] (their January-March values used) to 19.1°C of combined Makassar and Karimata straits throughflow. The latter is closer to the estimated transportweighted temperature along IX1 line between Java and northwest Australia [Wijffels et al., 2008] .
[28] 5. So far, no accurate estimate of the freshwater transport associated with the ITF is available, though Wijffels [2001] gives a rough estimate of 0.2 Sv. The present study reveals a freshwater transport of 0.14 Sv in a boreal winter month. This suggests that the Karimata Strait transport is important in conveying freshwater toward the Indian Ocean in boreal winter. It should be mentioned here that this southward freshwater transport only occurs in boreal winter, and the annual mean is smaller. Fang et al. [2009] give an annual mean of 0.05 Sv on the basis of numerical model outputs. Furthermore, since the freshwater transport through the Luzon Strait is very small [Fang et al., 2009] , the source of the freshwater transported toward the ISs and finally to the Indian Ocean is from the SCS itself, namely the freshwater flux gain over the SCS and the land discharge surrounding the SCS.
[29] 6. The analysis of the boreal winter observations shows a downward sea surface slope from north to south. The sea surface gradient associated with the Karimata Strait throughflow has a magnitude close to that associated with the ITF found by Wyrtki [1987] . This result indicates the importance of friction in the "island rule" mechanism for the formation of the SCS branch of Pacific-to-Indian-Ocean throughflow.
[31] We assume that the velocity in the intervals of y 2 [0, y 1 ] and y 2 [y N , L] can be approximated by horizontal Prandtl's logarithmic profiles as in, for example, the work of Charnock [1959] for vertical profiles:
; for y 2 0; y 1 ½ ; ðA2Þ
where l 0 is the roughness parameter. Equations (A2) and (A3) automatically satisfy u = 0, u 1 , u N , and 0 at y = 0, y 1 , y N , and L, respectively. Then the derivatives of u at points y 1 and y N are
Equation (A1), together with boundary conditions (A4) and (A5), can be used to interpolate velocity values using cubicspline form in the segment of y 2 [y 1 , y N ]. This approach retains the continuity of first-order derivative of the function u at points y 1 and y N , and thus over the entire section.
[32] From the observed vertical velocity profiles in the Red Wharf Bay, Charnock [1959] obtained the value of roughness parameter, which is ∼0.3 cm. The horizontal scale of shelf sea is roughly in an order of 10 4 of the vertical scale. So the value of l 0 is estimated to be ∼30 m. A sensitivity experiment was performed by taking l 0 = 10, 30, and 100 m, and revealed that the volume transport was insensitive to the choice of the roughness parameter: volume transport = 3.65, 3.63, and 3.61 Sv for l 0 = 10, 30, and 100 m, respectively. In the present study, the volume transport of 3.6 Sv is adopted.
